Biodiesel is a renewable fuel consisting of alkyl esters, which show a higher corrosive behavior when compared with a diesel fuel. The corrosive processes by biodiesel affects the processing infrastructure of this biofuel and mechanical parts of automotives. Valves, engine blocks, and cylinder liners are gray cast iron components affected by biodiesel corrosion. The corrosion resistance of niobium carbide (NbC) coatings deposited using thermoreactive diffusion (TRD) on gray cast iron in continuous contact with diesel fuel and palm biodiesel was studied. Both coated and uncoated samples were subjected to immersion tests, cyclic oxidation at 473 K, and an electrochemical impedance spectroscopy (EIS) test. The coatings were characterized by means of scanning electron microscopy (SEM) and X-ray diffraction (XRD). Both the rate of corrosion by immersion and the resistance to polarization via EIS showed the favorable behavior of niobium carbide coatings against the corrosion of palm biodiesel. The corrosion rate on samples coated with niobium carbide was three times lower than that of the gray casting samples. These results allow the conclusion that niobium carbide coatings could be a viable alternative to lessening the corrosive effects of palm biodiesel in the applications where gray cast iron is used in continuous contact with biofuel.
Introduction
Biodiesel is a renewable fuel that is defined as a mixture of alkyl esters with fatty acids derived mainly from vegetable oils or animal fats [1, 2] . This fuel has become important worldwide as it is technically competitive, biodegradable, and environmentally clean when compared to fossil diesel [3, 4] . One of the most-used raw materials is palm oil because it has high agricultural yields in tropical regions. [5] . However, several studies have found that biodiesel tends to be more corrosive than fossil diesel for materials that are in contact with biofuel throughout their life cycle [2, 6] . It has been demonstrated that the corrosive effect of biodiesel is a feature of the raw material used and is related to the saturation percentage of the esters, which is higher for polyunsaturated esters such as linoleate (18:02) and linolenate (18:03) [6] [7] [8] . Unsaturated esters tend to be reactive, exhibiting characteristics of autooxidation, photo-oxidation, and high hygroscopicity that promote the corrosive processes of the biofuel [7] .
The corrosion behavior of biodiesel produced with different raw materials has been evaluated including canola, palm, soy, sunflower, and other oils. The evaluation technique commonly used is the results will be compared to define if the proposed coat would be useful to protect the substrate from corrosion by biodiesel.
Materials and Methods
The fuels evaluated were diesel derived from commercial petroleum with a sulfur content of less than 500 ppm, and biodiesel obtained from palm oil through methyl transesterification with a composition of mainly 42.5% methyl ester palmitate, 40.7% methyl ester oleate, and 10% methyl ester linoleate. The total fraction of the unsaturated esters was 51.7%. Table 1 summarizes the analysis reported by the producer of palm oil biodiesel, according to specifications and test methods according to ASTM D6751-15c [27] . The specimens were obtained from an unused cylinder liner of a diesel engine. This material was a G3500 grey iron (93.1% Fe, 3.45% C, and 1.66% Si) with a density of 7.21 g/cm 3 and pearlite structure with the graphite distributed uniformly. Based on the ASTM A48M standard [28] , it was determined that the microstructure of the cast iron was type 30 due to presence of pearlite in the matrix and lamellar graphite type size 5 [8] .
Samples of 4 cm 2 and 0.5 cm thick square substrates were obtained by refrigerated cutting. The samples were polished with abrasive papers of silicon carbide (grade 400-1500), achieving a surface free of scratches. Half of the casting samples were coated with niobium carbide in a bath of borax salts. The TRD coating process was carried out in a borax bath perfused at 1123 K at 81 wt.%; subsequently, the temperature was raised to that of the process and ferro-niobium (16%) and aluminum (3%) were added as reducing agents. The bath was performed in stainless steel containers due to its low carbon content, thus avoiding interaction with the process. The NbC coating was prepared separately at 1173 K, 1223 K, and 1273 K, at three processing times: 2, 4, and 6 h. The samples were withdrawn upon completion of the treatment time and were rapidly cooled in order to avoid passing through the temperature that causes substrate embrittlement. They were then immersed in boiling water for 30 min to remove the excess borax produced by the bath.
The coating's microstructure was studied via X-ray diffraction (XRD) using an X'Pert PRO system (Panalytical, Almelo, The Netherlands) for grazing incidence with the Bragg-Brentano configuration and monochromatized CuKα radiation (1.540998 Å), working at 45 kV and 40 mA. The scan was conducted within the angular range 2θ from 25 • to 100 • with a step of 0.02 • and a monochromatic CuKa radiation of 1.594 Å. The surface morphology of the coatings deposited on the gray iron substrates, and the corrosion products and the transversal section were studied via scanning electron microscopy (SEM) using FEI QUANTA 200 equipment (Thermo Fisher Scientific, Waltham, MA, USA) operating in high vacuum and 30 KV. In addition, to verify the presence of the coating, Auger Electron Spectroscopy (AES) surface tests were performed with an Omicron Nanotechnology CMA 169 (Oxford Instruments, Abingdon, UK) with an evaluation range between 40 and 400 eV at intervals of 0.5 eV. The coating thickness was measured using a 500 optical microscope (LECO Corporation, St. Joseph, MI, USA) and the images were analyzed in the IA32 Image Analysis System (LECO Corporation, St. Joseph, MO, USA), with a magnification of 2000×.
Corrosion behavior was determined using three tests: (1) an immersion test at constant temperatures of 291 K and 313 K, (2) a cyclic oxidation test with heating and cooling cycles between 291 K and 473 K for a total time of 1320 h (55 days), and (3) electrochemical impedance spectroscopy (EIS). The immersion and cyclic oxidation were done with hermetically sealed containers completely filled with fuel, with three replicates for each test. Subsequent to the immersion test, the samples were introduced into the ultrasound equipment in a solution of hydrochloric acid and tin chloride at room temperature to remove the corrosion products. The weight loss was measured according to the procedure of ASTM G31-72 [29] , and the corrosion rate was evaluated using the following equation:
where the corrosion rate is given in 0.001 inches per year; W is the weight lost during exposure to the corrosive medium (g); 3.45 × 10 6 is the unit conversion factor; ρ is the density (g/cm 3 ); A is the exposed surface (cm 2 ); and t is the exposure time (h) [29, 30] . Electrochemical impedance spectroscopy tests were also performed for the samples for a period of 144 h at 291 K using a 3-electrode electrochemical cell with a silver pseudo electrode as a reference. The electrochemical cell was constructed with one working electrode of 4 cm 2 , located in parallel to a high-density electrolytic graphite sheet, used as an auxiliary electrode. Silver wires (Ag) with a 0.5 mm diameter were used as a reference electrode. The testing sample was mounted on the working electrode and exposed to the electrolyte through an orifice with a diameter of 10 mm providing an exposure area of 78.54 mm 2 . The separation between the working electrode and reference electrode was 0.5 mm. Electrochemical measurements were performed with a Gamry-Reference 600 (Gamry Instruments, Inc., Philadelphia, PA, USA). The amplitude of the disturbing signal used was 200 mV with a frequency range of 0.00001-100 kHz. Experiments were repeated at least three times for each material evaluated and were conducted in a Faraday cage. The experimental data were acquired with the EIS300 module and analyzed using Echem Analyst software (Gamry Instruments, Inc., Philadelphia, PA, USA). Figure 1a ,b show the etched cross-section and surface morphology of the NbC coating on the substrate. The carbide layer and the gray iron were clearly defined and separated by an interface without the presence of a transition zone between the coating and the substrate. The coating exhibited a compact, continuous, and homogeneous structure with constant thickness, consistent with previous studies [13, 20, 21] . The morphology of the coating was dependent on the carbon activity in the substrate [20] . Ferrous materials with high carbon content such as gray cast iron have a relative low carbon activity, which results in low nucleation density and a poor supply of carbon atoms for the formation of carbide. Several sub-micron-sized grains produced on the substrate surface in the initial stage of the TRD process were observed [20] . The coarse grains can grow from these initial grains by increasing their size and number with the increase in time to form a continuous thin layer on the gray iron surface. Then, the morphology changed with elongated grains in the direction perpendicular to the coating/substrate interface and sub-micron grains on the surface parallel to the coating/substrate interface [20] .
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From the immersion tests, it was determined that the corrosion rates in the biodiesel test was three times lower for the coated samples due to the ceramic structure. The SEM and XRD tests showed severe effects of pitting corrosion in the grey iron with the presence of Fe 2 O 3 , Fe 3 O 4 , and FeO(OH), while the NbC coatings exhibited effects of intergranular corrosion in the grain boundaries with the presence of NbO, NbO 2 , and Nb 2 O 5 . These results allowed the conclusion that NbC coatings on gray iron act as protection against corrosion by palm biodiesel.
